A paper reporting the use of Raman Spectroscopy in fire debris analysis is presented. 14 Five polymer based samples, namely carpet (polypropylene), nylon stockings (nylon), 15 foam packaging (polystyrene), CD cases (polystyrene) and DVD cases 16 (polypropylene) were burnt with each one of the following ignitable liquids: petrol, 17 diesel, kerosene and ethanol. Raman shifts were obtained and, in some cases, peaks 18 were identified to correspond to pyrolysis products in the form of alkanes, aromatic or 19 polyaromatic compounds. All pyrolysis peaks were used to produce a Principal 20
analyses were performed from 200 to 2000 cm -1 spectral range with a spectral 10 resolution of 8cm -1 with variable integration times depending on the background 11 fluorescence. As an average the integration time was five seconds and the final 12 spectrum was obtained as an average of three replicates from the same spot in the 13 debris sample. 14 Temperature measurements were obtained using a Raytemp 8 infrared thermometer 15 from Electronic Temperature Instrument Ltd (Worthing, UK). 16
Methodology 17
All of the samples were cut into six squares of approximately 5cm by 5cm in size. The 18 different materials were analysed using Raman microscopy in its original, unburned 19 state. Following this, the material was placed in an aluminium can, ignited and burned 20 in air with the different ignitable liquids of this study: petrol, diesel, kerosene and 21 ethanol; 5mL of the chosen ignitable liquid were added in each case, as a pool on non 22 porous materials and absorbed into the material in the case of porous ones. The length 23 of the burning process was timed and recorded and depended on the different 24 materials and fuels used. For the analysis, the materials were only burned for a 25 6 maximum of 5 minutes to standardise the burning process with the different ignitable 1 liquids (when considerable charring was observed and the ignitable liquid had 2 completely burned out) and extinguished by oxygen starvation. After burning, the 3 samples were left in the metal can to cool then placed in a labelled and sealed nylon 4 bag until analysis. 5
Principal Component Analyses (PCA) were performed using Tanagra software [15] 6 developed in the University Of Lyon (France). Peaks found in table I were used as 7 input variables for the PCA for the different materials under study. These peaks were 8 obtained as averages of different burning experiments. For each piece of material 5 9 points with similar degree of charring were tested. 10 11
Results and discussion 12

Analysis of raw and standard materials 13
Plastics are combustible materials derived from petrol and they present similar 14 pyrolysis products when they burn. This implies that, once burned, some of these 15 plastics will present similarities in their Raman spectra with some common bands, 16 making their identification sometimes rather difficult. The three type of plastics 17 presented in this study, namely polystyrene (PS), polypropylene (PP) and nylon (Ny), 18 share some vibrational modes coming from the carbon framework in the range of 19 1443-1475 cm -1 , but differ in the presence of amide groups (for Ny) (1267 cm -1 ) and 20 benzene groups (for PS) (998 cm -1 ). These functional groups greatly help to identify 21 them and define their Raman spectra in the raw material. 22 Figure 1 shows the main Raman spectra obtained for all these materials prior to 23 burning them. This information will greatly assist in comparisons made with burnt 24 samples to identify which bands have been lost or gained. Figure 2 shows associated to carbon long chains. These bands will disappear after the burning process 8 helping us to interpret the type of alkane generated. 9
The main characteristic peak for benzene derivatives obtained in our analyses can be 10 found at 998 cm -1 , which can be also obtained in the corresponding samples from PS 11
foam and the CD case (1005 cm -1 and 976 cm -1 , respectively). The difference between 12 these two values can be explained by the vibrational orientation and the state of the 13 sample. Benzene derivatives standards used in our study were all in liquid state, which 14 implies random orientation similar to that found in PS foam. To check this point, a 15 sample of a PS reference material was used as PS is frequently used in Raman 16 spectroscopy as a standard to calibrate and monitor the response of the instrument. 17
From this test a peak corresponding to the aromatic vibration at 982 cm The nylon sample used in our study presents this band at 1267 cm -1 , allowing us to 3 identify the amide III group present in the polymer, but was not present in the burned 4 sample indicating that the amide group was either destroyed in the process or the 5 intensity considerably reduced to a point in which was undetectable. 6 7
Analysis of burnt samples 8
After burning the samples, following the process described under materials and 9 methods section, a characteristic high fluorescence background was found for all the 10 samples. The bands obtained for the fire debris of plastics are in general quite weak, 11 which is certainly a consequence of the fluorescence background observed. 12 Other peaks can also be interpreted using the scarce Raman information given in the 21 literature for pyrolysis products. Thus, peaks found around 747 cm -1 in many of our 22 fire debris samples can be associated, according to Patnaik [16] , to alkane vibrations. burned with ethanol, a band at 995cm
-1 associated to a benzene ring could be 10 indentified. It is known that charred material due to its carbonaceous nature can help 11 to retain volatile organic compounds (VOC). If little material is left after combustion, 12 charred samples can hardly retain any of these compounds which could explain the 13 absence of bands and presence of bands associated to alkanes (maximum polymer 14 destruction → shorter monomer chain size found). 15
In table I we can observe a higher abundance of peaks for those samples burned with 16 petrol in the case of PS CD when compared to the rest of the samples burned with 17 other ignitable liquids. This fact can be associated to a higher number of pyrolysis 18 products as a consequence of a more efficient combustion process. Experimental 19 temperature data obtained from the different experiments supported this. As an 20 example, the average burning temperature reached when PS CD was burned with 21 petrol was 395 C compared to 301 C obtained for PP carpet under the same 22 conditions. The more complex structure of polystyrene together with a higher 23 combustion temperature, obtained during the burning process, would explain the 24 appearance of pyrolysis products observed. 25 1
Chemometric analysis 2
The main aim of the work presented here is to establish whether Raman spectra 3 recorded after combustion of plastics with different ignitable liquids present pyrolysis 4 patterns informative enough to cluster these materials together, even after their 5 structural and chemical integrity has been seriously damaged. 6
To answer this question the information obtained from the different burning 7 experiments (not averaged peaks) with the different plastic materials was used to 8 produce different score plots in PCA. The results of the multivariate analysis allowed 9 us to classify the different plastics for the different ignitable liquids used in the 10 experiments as can be seen in Figure 5 . Figure 5a shows the clustering obtained with 11 the different plastic when burned with petrol. In this analysis, the PS CD case shows a 12 clear separation from the rest of the other plastics, which also clustered in different 13 groups. As shown on the figure, PC2 shows the most discriminatory power. The 14 percentage of variance obtained in this case was PC1=41% and PC2=26%. Figure 5b  15 shows the results obtained in the case of burning the samples with kerosene. In this 16 case PC2 is also the main discriminating axis, being PC1=43% and PC2= 17%. The 17 clusters can still be defined although there is some degree of overlapping between 18 them. This is also the case for the samples burned with ethanol ( Figure 5c 
